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Transcriptional regulationIn Anabaena, the pipX gene is induced in the cells differentiating into heterocysts, being the PipX
factor required for full expression of late heterocyst-speciﬁc genes. Here we show that PipX has a
positive effect on in vitro binding of the transcription factor NtcA to DNA, as well as on transcript
production, in different NtcA-dependent promoters. We found that the cox3 operon, encoding a het-
erocyst-speciﬁc terminal respiratory oxidase, is expressed from three nitrogen-regulated promoters
to which NtcA binds. At the three sites, NtcA binding is potentiated by PipX. Thus, PipX has a direct
effect on gene expression inﬂuencing the activity of NtcA.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cyanobacteria represent an unique group of prokaryotes that
perform oxygenic photosynthesis [10]. Many cyanobacteria are
able to ﬁx atmospheric nitrogen and, to protect the N2-ﬁxing
machinery from O2, some ﬁlamentous strains produce cells spe-
cialized in N2 ﬁxation called heterocysts [7,8,24]. Heterocysts dif-
ferentiate under conditions of combined nitrogen deprivation
through a process that involves changes in the pattern of gene
expression at a genomic level (reviewed in [12]). Many genes are
activated during this process depending on NtcA, a CRP-homolog
global transcription factor of universal distribution in cyanobacte-
ria [11], and the heterocyst-differentiation factor HetR [2], which is
also a DNA-binding factor [13].
In the model heterocyst-forming cyanobacterium Anabaena sp.
PCC 7120, detailed characterization of the expression of some het-
erocyst-related genes has identiﬁed complex promoter regions
with consecutive promoters that have different spatiotemporal
transcriptional speciﬁcity and requirement for NtcA and HetR (re-
viewed in [12]). Among these promoters, Class II NtcA-activated
promoters appear not to require HetR and bear an NtcA-binding
site with the consensus sequence GTAN8TAC centered at ca.
41.5 nucleotides from the transcriptional start point (TSP), sepa-rated by ca. 22 nucleotides from a TAN3T 10 promoter determi-
nant. Other promoters, which may include or not recognizable
NtcA-binding sequences, show a requirement for NtcA and HetR
in vivo and are activated speciﬁcally in the differentiating cells
[5,12]. In Class II promoters, NtcA, together with its effector 2-oxo-
glutarate (2-OG), has a crucial inﬂuence in Open Complex forma-
tion [20]. In promoters that in vivo depend on HetR, the
mechanism of activation is unclear although for the case of the
devBCA P1 promoter, NtcA interaction with degenerated se-
quences, likely aided by HetR, has been shown as necessary for
in vitro transcription [5].
PipX is a small cyanobacterial protein that was identiﬁed in the
unicellular strain Synechococcus sp. PCC 7942 as a PII and NtcA-
interacting factor [6], and the structure of the corresponding com-
plexes has been determined [14,25]. In Anabaena sp. PCC 7120, the
pipX gene is induced reaching highest expression levels at medium
to late stages of heterocyst differentiation. Its inactivation leads to
impaired growth under diazotrophic conditions, impaired nitroge-
nase activity and impaired expression of late NtcA-dependent het-
erocyst-speciﬁc genes, which in vivo also depend on HetR at the
whole gene expression level [23]. To get insight into the mecha-
nism of action of PipX, we have addressed the study of its effects
on NtcA binding to DNA and transcription activation in vitro, and
have characterized the promoter region of the cox3 operon, which
encodes a terminal respiratory oxidase speciﬁc of the heterocysts
and is activated late in the differentiating cells regulated by PipX
[21–23].
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2.1. Strains and growth conditions
Anabaena sp. strain PCC120 was grown in BG110 + ammonium
medium as described [5,19]. The ntcA mutant, strain CSE2 [9],
and the hetR mutant strains 216 (G535A point mutant) [2] and
CSSC2 (DhetR) [5] were grown in BG110 + ammonium medium,
supplemented with streptomycin (Sm) and spectinomycin (Sp) in
the case of strain CSE2. Antibiotics were used at the following con-
centrations: Sm, 2–5 lg ml1; Sp, 2–5 lg ml1 and Nm, 10–
50 lg ml1. Where indicated, the cyanobacterial strains were
grown in BG110 + ammonium medium and incubated for the indi-
cated periods of time in BG110 (free of combined nitrogen)
medium.
2.2. DNA and RNA isolation, manipulation and analysis
Isolation of genomic DNA [4] and of total RNA [1,15] from Ana-
baena sp. was done as described previously. Electrophoretic mobil-
ity shift assays (EMSA), DNase I footprinting and in vitro runoff
transcription (TIV) experiments were performed as in [5]. In EMSA,
mixtures of 10 fmol of 32P-end-labeled speciﬁc DNA fragment and
0.07 mg/ml poly(dI–dC), as non-speciﬁc competitor DNA, were
incubated with the puriﬁed proteins for 30 min at 30 C and then
subjected to native electrophoresis in polyacrylamide gels. For
DNase I footprinting, the mixtures with the DNA–protein com-
plexes, formed essentially as in the EMSA assays, were treated with
DNase I (Roche) and then subjected to electrophoresis in 6% poly-
acrylamide-8 M urea gels. In TIV assays, the DNA fragment was
incubated with NtcA plus 2-OG and PipX, as indicated, then recon-
stituted Anabaena RNA polymerase (RNAP) holoenzyme supple-
mented with puriﬁed r factor SigA was added to the reaction
mixture, and transcription was started by the addition of a sub-
strate solution containing ATP, GTP, UTP, CTP and [a-32P]CTP. After
30 min of incubation at 37 C, the reaction was terminated and the
products resolved by electrophoresis in 6% polyacrylamide-8 M
urea gels. Primer extension and 50 rapid ampliﬁcation of cDNA endsTable 1
Oligodeoxynucleotide primers used in this work.
Oligonucleotide Sequence (50–30)
alr2729-2b GTTCATGCTGATACGCTG
alr2729-9 CATTGTCCTCTCCTAGAC
alr2729-12 CACCAAATAGCCAGACAG
alr2729-13 TCCTAGACATATCTACTG
alr2729-14 GGATGAGGCTATTATTTA
alr2729-17 TTAGATCCTTGCACAAATGAT
alr2729-18 GATCAGATTTACACGGCTAATTC
alr3710-1 CCCCCTACTCCCTTTCC
alr3710-2 GTGCGATAACATAACATTTCCC
alr3710-16 TCTCAGTAGCGTTTTTAAATAG
alr3710-17 CCTGAAACAGATGAATGTA
alr3710-18 GGTACAACCCTAGCCACGG
alr3710-19 GATAGATTTCATTATGGC
all4312-1 CTGGCGGCTTGATGCACACGG
all4312-2 ATTCAGGCTGAAATGTGAAGGG
alr2328-c1 AAGCCTGTTACTGCATCGCATTCC
alr2328-13 CTCCTTCTCTGCCAATTTC
P2devB-F [Btn]TCATTTGTACAGTCTGTTACCTTTACCTGA
P2devB-R TTTATAAATTCTACATTCATCTGTTTCAGGTA
P1devB-F [Btn]AAAACCTTTGATAGAACCTCTTCAAAAAA
P1devB-R TTTTCTGCAACTTAGATGACTTTATTTGTTTTTT
nrrA-F [Btn]GGCTAGAGTAACAAAGACTACAAAACCT
nrrA-R AATTTCAAAGTAACAAGCCCATGCCCAAGGTT
psbA-F [Btn]CTGATAAGTGAGCTATTCACTTTAGGTTT
psbA-R CATTGAGATCCTCTAGTTTTCATCCTAAACCTA
Btn, biotinylated.
* Relative to the translation start of the corresponding gene.(RACE) in samples treated or not with tobacco acid pyrophospha-
tase (TAP) were performed as in [23]. The double-stranded DNA
fragments used in EMSA, DNase I footprinting, and TIV experi-
ments were ampliﬁed by PCR using the oligodeoxynucleotide pairs
indicated in the corresponding ﬁgure legend. All the oligodeoxynu-
cleotide primers used are listed in Table 1. Images of radioactive
gels were obtained and quantiﬁed with a Cyclone storage phosphor
system (Packard). All the assays shown in this work were repeated
between 3 and 5 times, with similar results.
2.3. Puriﬁcation of recombinant Anabaena NtcA, PipX, and RNAP
proteins
NtcA to be used in TIV experiments was puriﬁed from crude ex-
tracts of Escherichia coli containing plasmid pCSAM61, and His-
NtcA to be used in EMSA and DNase I footprinting assays from E.
coli containing plasmid pCSAM70, as described previously [5].
His-PipX was puriﬁed from crude extracts of E. coli containing plas-
mid pCSV31 (which bears a 6His-encoding sequence fused to the
pipX gene cloned in vector pQE9). The extracts were passed
through a 5-ml HisTrap™ HP column (GE Healthcare) equilibrated
with buffer (50 mM Tris–HCl [pH 8.0], 300 mM NaCl, 10% glycerol)
and, after washing with the same buffer supplemented with
10 mM imidazole, PipX protein was eluted with a linear gradient
of imidazole from 50 to 700 mM in the same buffer. In the ﬁnal
samples, at least 90% of the total protein corresponded to PipX.
The recombinant Anabaena RNAP was reconstituted from the puri-
ﬁed cloned subunits as described [20].
2.4. Surface Plasmon Resonance
Surface Plasmon Resonance (SPR) experiments were performed
using a BIAcore X biosensor system (Biacore AB, Uppsala, Sweden).
Three different SA sensor chips, with streptavidin covalently
immobilized on a carboxymethylated dextran matrix, were used
for immobilization of the biotinylated DNA duplexes. The biotinyl-
ated duplex DNA fragments with the biotinylated oligonucleotide
P2devB-F and its non-biotinylated complementary sequencePosition*
202 to 221
+2 to 15
272 to 255
8 to 25
157 to 174
563 to 542
98 to 120
825 to 809
571 to 592
292 to 313
731 to 713
652 to 634
452 to 469
+104 to + 84
498 to 477
387 to 360
6 to 24
AACAGATGAATGTAGAATTTATAAA 756 to 702
AAGGTAACAGACTGTACAAATGA 702 to 756
ACAAATAAAGTCATCTAAGTTGCAGAAAA 541 to 484
TGAAGAGGTTCTATCAAAGGTTTT 484 to 541
TGGGCATGGGCTTGTTACTTTGAAATT 81 to 27
TTGTAGTCTTTGTTACTCTAGCC 27 to 81
AGGATGAAAACTAGAGGATCTCAATG 145 to 91
AAGTGAATAGCTCACTTATCAG 91 to 145
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non-biotinylated P1devB-R (for the devBCA P1 promoter), and bio-
tinylated nrrA-F and non-biotinylated nrrA-R (for the nrrA pro-
moter) were obtained from Sigma–Aldrich. As a negative control,
a psbA promoter DNA duplex was generated using the biotinylated
oligonucleotide psbA-F and non-biotinylated psbA-R. Annealing
was performed with 5 lM of biotinylated and non-biotinylated oli-
gonucleotides in 10 mM Tris–HCl (pH 7.4), 1 mM EDTA, 100 mM
NaCl in a ﬁnal volume of 100 ll, cooling from 95 to 35 C in a ther-
mocycler. For immobilization of duplex DNA the sensor chips were
ﬁrst washed with HBS buffer (10 mM HEPES [pH 7.4], 300 mM
NaCl, 0.2 mM EDTA and 0.005% Nonidet P-40) for 6 min with a ﬂow
rate of 10 ll/min and then activated with four consecutives injec-
tions of activation buffer (1 M NaCl and 50 mM NaOH) at a ﬂow
rate of 20 ll/min. Before immobilization, the sensor chip was
washed with HBS buffer until the resonance signal was stable. Each
DNA duplex was diluted with HBS buffer to a ﬁnal concentration of
0.25 mM, and 50 ll of diluted preparation was loaded on the sam-
ple loop of the BIAcore X apparatus. Injection of the sample was
performed with a ﬂow rate of 10 ll/min until about 350–380 res-
onance units (RU) were obtained (after approx. 30 s). Then the
injection was stopped. All buffers were ﬁltered and degassed be-
fore use. All the experiments were conducted at 25 C. In each chip,
ﬂow cell 2 (FC2) bore the studied DNA duplex, and ﬂow cell 1 (FC1)
the control DNA. For binding NtcA, or NtcA plus PipX to the SA sen-
sor chip with immobilized double-stranded oligonucleotides, the
protein preparation in HBS buffer was incubated 20 min at 37 C,
and 75 ll of preparation were injected simultaneously into FC1GCTAGAGTAACAAAGACTACAAAACCTTGnrrA
TCATTTGTACAGTCTGTTACCTTTACCdevBCA P2
devBCA P1 AATAAAGTCATCTAAGTTGCAGAAAAT
PipX   -     -     2    4    -     3    5   2    4    5
NtcA   -    1     1    1    2    2    2    -     -     -     
PipX   -     -     2    4    -     3    5    2    4    5   
NtcA   -    1     1    1    2    2    2    -     -     -     
Pip
Ntc
A
B
D
C
Fig. 1. EMSA results of the PipX effects on the binding of NtcA to the promoter regions o
the devBCA P1 (C) promoter region was incubated, as indicated, with NtcA (always in the
the right panel of A). Protein concentrations: (1) 400 nM; (2) 800 nM; (3) 1600 nM; (
fragment was: alr3710-1/alr3710-2 (devBCA P2); all4312-2/all4312-1 (nrrA); alr3710-17/
(D) DNA sequence of the indicated promoter regions. Arrowheads denote the TSPs. Putatiand FC2 at a ﬂow rate of 30 ll/min. The resonance difference be-
tween FC2 and FC1 (DRU) was recorded to quantify speciﬁc bind-
ing to FC2. After each injection the sensor chip surface was
regenerated with a 2 M NaCl injection. The data were ﬁtted using
the BiaEvaluation and KaleidaGraph software.
3. Results and discussion
3.1. Effect of PipX on NtcA-binding to DNA from the promoters of nrrA
and devBCA
NtcA has been found to bind DNA in vitro at sequences with a
GTAN8TAC consensus in a number of NtcA-dependent promoters
with different promoter structure [11]. Also, in some promoters
activated in the differentiating heterocysts, NtcA has been found
to bind at DNA sites quite deviated from the consensus of NtcA-
binding sites [5]. We have tested whether puriﬁed PipX has any
inﬂuence on the binding of NtcA to DNA in different promoters.
Fig. 1 shows EMSA assays of the binding of puriﬁed NtcA to two
DNA fragments including already identiﬁed consensus NtcA-bind-
ing sites of Class II promoters (see Fig. 1D), the P2 promoter of the
devBCA operon [20] (Fig. 1A) and the single promoter of the nrrA
gene [17] (Fig. 1B), in the presence or absence of puriﬁed PipX pro-
tein. In both promoters, NtcA alone promotes DNA band-shift, and
the amount of retarded DNA increases in the presence of PipX,
whereas no band-shift was observed with PipX alone. In the case
of nrrA (Fig. 1B), a single protein-retarded band was evident
whether PipX was or not present in the assay mixture. In the caseGGCATGGGCTTGTTACTTTGAAATTCATCGA 
TGAAACAGATGAATGTAGAATTTATAAAACTA
CTTTAAAAGATTTGCCATAATGAAATCTATCTGCA
PipX    -       -      5  
NtcA    -      2      2    
X   -     -     2    4    -    3    5    2    4    5   
A   -    1     1    1    2   2    2    -     -     -     
f the nrrA and devBCA genes. The DNA fragment of the devBCA P2 (A), the nrrA (B) or
presence of 0.6 mM 2-OG) and PipX before loading into PAGE gels (5% except 8% in
4) 2400 nM; (5) 3200 nM. The oligonucleotide pair used for ampliﬁcation of each
alr3710-19 (devBCA P1). Arrowheads indicate the positions of NtcA–DNA complexes.
ve 10 promoter boxes are indicated in bold, and NtcA-binding sites are underlined.
1790 S. Camargo et al. / FEBS Letters 588 (2014) 1787–1794of devBCA P2 (Fig. 1A), in the standard gels (left panel) a broad band
was observed especially when high concentrations of PipX were
used and, indeed, when 8% PAGE gels were used (right panel)
two protein-retarded bands were observed in the presence of both
NtcA and PipX. Because this fragment includes a single NtcA-bind-
ing site [5], the slower band could correspond to a ternary NtcA–
PipX–DNA complex. On the other hand, binding of NtcA and PipX
to a DNA fragment of the devBCA P1 promoter was tested
(Fig. 1C). In this promoter NtcA has been described to interact at
two different DNA sites, one of which includes a degenerated
NtcA-binding sequence located at the same position as the consen-
sus NtcA-binding sites in Class II promoters, whereas the other site
includes no recognizable sequence [5]. One retarded band induced
by NtcA was detected (only one expected at the NtcA concentra-
tions used here) with its level being higher in the presence than
in the absence of PipX. Finally, the fact that further retardation of
the NtcA–DNA complexes, indicative of ternary DNA–NtcA–PipX
complexes, was generally difﬁcult to appreciate may imply thatΔ R
U
 
time s 
ΔR
U
 
time s 
time s 
ΔR
U
 
A
B
C
Fig. 2. SPR analysis of NtcA binding to DNA of the promoter regions of the nrrA and
devBCA genes in the presence or absence of PipX. NtcA (500 nM) alone (in the lower
trace of each graph), or supplemented with 2-OG (0.6 mM) (in all other cases), and
PipX (as indicated) was injected to the sensor chip with a bound DNA fragment of
the devBCA P2 (A), nrrA (B) or devBCA P1 (C) promoter (see Section 2). The increase
of resonance difference (difference in resonance units between FC2 containing DNA
of the studied promoter and FC1, containing as a control a fragment of the psbA
promoter [DRU]) is plotted against time. The phases indicated in the graphs are: (i)
stabilization of the DNA-chip with buffer; (ii) protein binding to DNA (association
phase); (iii) buffer ﬂow to remove unbound protein; (iv) protein dissociation from
DNA.the NtcA–PipX interactions are hardly preserved during the elec-
trophoresis procedure.
The effect of PipX on NtcA interaction with DNA was studied
also by SPR (Fig. 2). No interaction was detected between PipX
and the DNA when this protein was tested alone (not shown). In
the single nrrA promoter (Fig. 2B) and in the devBCA P2 (Fig. 2A)
and devBCA P1 (Fig. 2C) promoters, the interaction of NtcA with
the DNA was stronger in the presence of 2-OG than in its absence.
When NtcA was supplemented with 2-OG, the interaction was
stronger in the presence of PipX. Moroever, at least in the two
devBCA promoters, the interaction between NtcA and the DNA chip
increased when increasing the PipX concentration.
3.2. Effect of PipX on in vitro transcription
The effect of puriﬁed PipX protein in NtcA-dependent TIV from
the nrrA, glnA P1 (another Class II promoter including a consensus
NtcA-binding sequence [9]), devBCA P2 and devBCA P1 promoters
was tested. TIV assays were performed in the presence or absence
of NtcA or PipX (Fig. 3). In the four tested promoters, transcript
production required NtcA, and it was ca. 2–3 times higher in the
presence than in the absence of PipX.
In summary, in vitro PipX appears to have a positive effect on
NtcA binding to its DNA sites either in NtcA-activated Class II pro-
moters encompassing consensus NtcA-binding sites (nrrA, devBCA
P2) or in promoters with degenerated sites (devBCA P1). No
interaction of PipX alone with the tested DNA was detected. Con-
sistently, PipX alone does not promote effective transcript produc-
tion in TIV assays using puriﬁed Anabaena RNAP. However, when
added in the presence of NtcA plus 2-OG, transcript productionNtcA+2-OG -  +  +  +
PipX -  -  1  2 
PipX -  +  -  + 
NtcA+2-OG -  -  +  +
PipX -  +  -  +
NtcA+2-OG -  -  +  +
NtcA+2-OG -  +  +
PipX -  -  +
A B
C D
Fig. 3. PipX effects on in vitro transcription from promoters of the nrrA, glnA and
devBCA genes. TIV assays were performed with a PCR-ampliﬁed DNA fragment of
the nrrA (A), the glnA P1 (B), the devBCA P2 (C), or the devBCA P1 (D) promoter in the
presence or absence of NtcA (250 nM in A and B; 130 nM in C; 115 nM in D) plus
0.6 mM 2-OG and PipX (840 nM in A and B; 330 nM [1] and 495 nM [2] in C; 690 nM
in D) as indicated. The position and size (from the TSP to the end of the DNA
fragment) of the transcripts obtained are indicated. The oligonucleotide pair used
for ampliﬁcation of each fragment was: all4312-2/all4312-1 (nrrA); alr2328-1/
alr2328-13 (glnA P1); alr3710-1/alr3710-2 (devBCA P2); alr3710-18/alr3710-16
(devBCA P1). Size markers (in nucleotides) are also indicated. After quantiﬁcation of
the corresponding transcripts, the ratios of the transcript amounts detected in the
presence versus absence of PipX were as follows: 2.8 (nrrA); 2.1 (glnA P1); 2.0
(devBCA P2 [2]); 2.4 (devBCA P1).
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PipX. Whether this positive effect of PipX on NtcA-dependent tran-
scription could be accounted for by its positive effect on NtcA bind-
ing to the promoter DNA, or whether PipX exerts additional effects
on the transcriptional complexes could not be discerned at present.
3.3. Determination of the complex promoter region of the cox3 operon
In the genomic sequence of Anabaena sp. PCC 7120, the ORFs
alr2729 and alr2730, of unknown function, precede the coxB3–
coxA3–coxC3 genes. All ﬁve genes are co-expressed [21] and will
be from now on referred to as the cox3 operon. At the whole tran-
script level, as detected by northern assays, the expression of the
cox3 operon was severely impaired in a pipXmutant strain [23]. Be-
cause the promoter region of this operon has not been experimen-
tally characterized yet, we attempted the determination of its TSPs,
their dependence on NtcA and HetR and putative associated NtcA-
binding sites. Primer extension analysis with RNA isolated from ﬁl-
aments of strain PCC 7120 grown with ammonium and incubated
or not in the absence of combined nitrogen produced three differ-0 12 24  0 12 24  0 12 24   
WT        CSE2       216 
A  C  G  T 
-166 
-278 
-388 
0    0  12  12     
-166 
-278 
0    0   12  12     
-388 
-166 
WT CSSC2 CSE2 
0  24  0 24 0 24  A  C G  T     
A
B
Fig. 4. Transcription initiation sites in the cox3 operon. (A) Primer extension was
carried out with primer alr2729-14 (top panel) or alr2729-13 (lower panel) and
RNA isolated from Anabaena sp. PCC 7120, strain CSE2 (ntcA), and strains 216 or
CSSC2 (hetR) grown with ammonium (0) and incubated in the absence of combined
nitrogen for the times indicated in h. The positions of the RNA 50 ends are indicated.
A sequence ladder of the same DNA region is also shown. (B) 50 RACE analysis was
carried out with RNA isolated from Anabaena sp. PCC 7120 grown with ammonium
(0) and incubated in the absence of combined nitrogen for 12 h (12) treated (+) or
not () with TAP, as indicated, with primer alr2729-9 for the retrotranscription
step, and alr2729-13 (left panel) or alr2729-9 (right panel) as the gene-speciﬁc
primer for the PCR step. The putative 50 position to which some bands correspond
are indicated. Size standards (DNAmolecular weight marker X; Roche) are shown in
the left line of each panel.ent 50 RNA ends upstream of alr2729 that were detected with more
than one oligonucleotide primer (shown in Fig. 4A for primers
alr2729-14 and alr2729-13). The three RNA species, with 50 ends
corresponding to nucleotide positions 166, 278 and 388 with
respect to the translation start of alr2729 were detected mainly
after incubation in the absence of combined nitrogen. In ﬁlaments
of an ntcA mutant (strain CSE2) or hetR mutants (strains 216 and
CSSC2), production of the species with 50 end at 388 and 278
was impaired, whereas that at 166 was undetected. To check
which of these 50 RNA ends corresponded to true TSPs, 50 RACE
analysis in the presence and absence of TAP was performed with
RNA from the wild-type strain incubated or not for 12 h in the ab-
sence of combined nitrogen (Fig. 4B). The ampliﬁed fragments with
sizes corresponding to the distance from the used oligonucleotides
to the three 50 RNA ends identiﬁed by primer extension analysis
were detected only in the TAP-treated samples and mainly after
incubation in the absence of combined nitrogen, implying that
the three 50 RNA ends corresponded to true TSPs and, moreover,
conﬁrming their identiﬁcation as starting points of N-regulated
transcription. (In a global mapping of putative TSPs in strain PCC
7120 [16], only the 278 position was detected. This initiation
was ascribed as N-regulated but HetR independent.)
Direct interaction of NtcA and PipX with DNA in the promoter
region of the cox3 operon was tested by means of EMSA and DNase
I footprinting assays. In EMSA assays with increasing concentra-
tions of NtcA alone, three retarded bands were detected using a
DNA fragment encompassing positions 98 to 563, which could
correspond to NtcA binding to one, two and three sites, respec-
tively (Fig. 5A). Whereas the complex that would correspond to
NtcA bound at only one site was readily detected with an NtcA
concentration of 500 nM, those corresponding to NtcA bound at
two or three DNA sites were detected only with a higher concen-
tration of NtcA (1000 nM). Although PipX did not bind alone toPipX    -      -     -     -     -     -    2     4     -     5     7
NtcA    -     1     2    3    5    1    1     1     3    3     3       
PipX    -      -     -     -     -     5    7     
NtcA    -     3     5    6    3     3    3                
A
B
Fig. 5. EMSA results of the binding of NtcA, and the PipX effects, to the promoter
region of the cox3 operon. A DNA fragment of the cox3 promoter region
encompassing positions 98 to 563 (A) or 8 to 272 (B) was incubated, as
indicated, with NtcA (always in the presence of 0.6 mM 2-OG) and PipX before
loading into PAGE gels. Protein concentrations: (1) 150 nM; (2) 300 nM; (3)
500 nM; (4) 900 nM; (5) 1000 nM; (6) 2000 nM; (7) 3000 nM. The oligonucleotide
pair used for ampliﬁcation of each fragment was: alr2729-17/alr2729-18 (A) and
alr2729-12/alr2729-13 (B). Arrowheads indicate the positions of NtcA–DNA
complexes.
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of the slower DNA–protein complexes at the intermediate NtcA
concentrations used (Fig. 5A). When a DNA fragment encopassing
positions 8 to 272 was used, one retarded band promoted by
NtcA was detected, which was potentiated by the presence of PipX
(Fig. 5B). The retarded band was already detected with an NtcA
concentration of 500 nM. Thus, NtcA may exhibit differences in
afﬁnity for binding at these different DNA sites.
To localize NtcA binding sites in the promoter DNA sequence,
DNase I footprinting assays were carried out with different DNA
fragments. When NtcA alone was tested at different concentra-A
D
B
Fig. 6. DNase I footprinting of NtcA in the presence or absence of PipX in the cox3 promot
the presence of 0.6 mM 2-OG) and PipX, as indicated, and DNA fragments of the cox3 pro
alr2729-2b (unlabeled) (panel A), alr2729-17 (32P labeled) and alr2729-18 (unlabeled)
concentrations: (1) 230 nM; (2) 460 nM; (3) 500 nM; (4) 1000 nM; (5) 1380 nM; (6) 2000
the assay mixtures. Vertical lines denote DNA stretches showing changes due to
genome.microbedb.jp/cyanobase/). The regions protected by NtcA in DNase I footprinting
TSPs. Putative 10 and35 promoter boxes are underlined with solid lines, and NtcA-bin
for EMSA and DNase I footprinting are indicated with dashed lines.tions, three regions of protection were detected, with detection
of site 2 requiring higher concentrations than sites 1 and 3
(Fig. 6A–C). PipX potentiates protection of the three sites (Fig. 6A
and C).
Fig. 6D presents the DNA sequence upstream from the cox3 op-
eron showing the position of its three TSPs and the sequences pro-
tected by NtcA in DNase I footprinting assays. Consistent with
direct NtcA interaction in this region, NtcA bound at two sites that
would correspond to regions 1 and 3 (Fig. 6) was found in a ChIP
analysis of in vivo NtcA-bound sequences at 3 h after N-step down
[18]. Indeed, sequences matching (in site 1) or close to (in site 3)C
er region. DNase I footprinting assays were carried out with puriﬁed NtcA (always in
moter region that were ampliﬁed by PCR using primers alr2729-17 (32P labeled) and
(panel B), alr2729-12 (32P labeled) and alr2729-13 (unlabeled) (panel C). Protein
nM; (7) 3000 nM. All other components were at the same ﬁnal concentrations in all
the presence of NtcA. (D) DNA sequence of the cox3 promoter region (http://
assays are indicated shadowed (1, 2 and 3, from top to bottom). Arrowheads denote
ding sites are shown in bold. The locations of the oligodeoxynucleotide primers used
S. Camargo et al. / FEBS Letters 588 (2014) 1787–1794 1793the consensus NtcA-binding site are found within the 1 and 3, but
not the 2, protected sequences (Fig. 6D).
The GTATTTTTAATTAC sequence matching the consensus for
NtcA-binding sites is centered 73.5 nucleotides upstream from
the TSP 388, which is preceded by a putative 10 box (TATAGT)
(Fig. 6D). The position of this NtcA binding site is compatible with
transcription activation by a Class I mechanism (see [3]). On the
other hand, the GTATCAGCATGAAC sequence, which is close to
the consensus for NtcA-binding sites, is centered at 42.5 nucleo-
tides with respect to TSP 166 (Fig. 6D), the position of regulator
binding sites in Class II promoters, being TSP 166 preceded by a
putative 10 box (TATAAA). NtcA binding at this site, as well as
at site 1, could be stabilized by interaction with PipX and/or with
NtcA bound at the other sites, which could also act by disrupting
possible inhibitory interactions. The arrangement of the cox3 prox-
imal promoter would resemble that in the devBCA P1 promoter,
which includes a suboptimal NtcA-binding site at position 42.5
in which NtcA binding has been proposed to be stabilized by inter-
action with other regulator molecules (NtcA or HetR) bound at up-
stream sequences [5]. Thus, transcription from TSPs 388 and
166 of the cox3 operon would be activated by NtcA directly,
whereas the in vivo requirement for HetR could respond to an indi-
rect effect, through PipX. Finally, TSP 278 is preceded by putative
35 (TTGACA) and 10 (TAAGCT) boxes (Fig. 6D), which would
represent ar70 consensus-type promoter. This promoter can direct
the basal levels of NtcA- and HetR-independent expression de-
tected in vivo (Fig. 4A). Indeed, NtcA binding at site 2 could have
a negative effect on transcription from this consensus-type pro-
moter, which could be alleviated by NtcA binding at sites 1 and/
or 3. Thus, the positive effect of NtcA on transcription from TSP
278 (Fig. 4A) could be exerted though NtcA binding at other sites.
This would be consistent with NtcA binding preferentially to sites 1
and 3 rather than to site 2. The expression of the cox3 operon takes
place in the cells differentiating into heterocysts at advanced times
of the process, at which the PipX factor is expressed at highest lev-
els [23]. This factor can have a role in NtcA-binding site selection in
the complex cox3 upstream region, thus contributing to the setting
of a nucleoprotein arrangement prone to transcription activation.
4. Concluding remarks
Concerning the function of PipX, it has a positive effect in vitro
on NtcA binding to DNA at all types of NtcA-binding sites tested.
However in vivo, whereas the expression of genes that are induced
early after N step-down is impaired little (see [23] for the case of
devBCA and others) or moderately (as in the case of nrrA, not
shown), affected by inactivation of pipX, those that are induced late
during heterocyst differentiation are severely affected. Thus, the
role of PipX in vivo would depend on its availability in the cells.
Upon perception of N step-down NtcA, which is present in the cells
at low levels, would be activated in response to the increase in 2-
OG levels, leading to induction of Class II consensus NtcA-activated
promoters [5]. At this point, PipX cellular levels are also low [23],
but this factor could have a small effect on NtcA activity at those
early promoters. Later, the ntcA gene is induced speciﬁcally in
the differentiating cells, before the pipX gene is. In these cells,
NtcA-dependent genes whose activation precedes that of pipX,
e.g. hetR, still would be little inﬂuenced by PipX. These could in-
clude genes directly regulated by HetR. Still later, PipX could act di-
rectly on HetR-dependent genes induced after pipX induction,
whose expression is most severely impaired by pipX inactivation
(see [23] for coxB3 and others). In these lately activated genes,
the HetR effect could be indirect through its requirement for pipX
induction [23]. Direct effects of PipX could be restricted to increase
NtcA interaction with DNA or include further functions such as
RNAP contacts or disruption of inhibitory interactions. Thus, inAnabaena, a succession of co-activators of NtcA, HetR and PipX,
seem to contribute to the establishment of sequential transcription
activation in the cells differentiating into heterocysts.
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